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A  methodology  applicable  at any  phase  of a  surface  mining  project  for evaluating  its current  technical
and  economic  feasibility  is presented.
It requires  the  typically  available  quantitative  data  on  the  ore-body,  with  its three-dimensional  block
model  developed  upon  accurate  interpolations.  Thus  it allows  estimations  of exploitable  reserves  in  func-
tion  of various  cut-off  grades,  such  as  the  average  grade  of mineable  ore,  the  tonnages  of ore  and  waste
rock,  stripping  ratios  and  proﬁt  estimates  for different  production  levels.pen-pit
roﬁt maximization
re grade
tripping ratio
conomic feasibility
If  cost  evaluations  of  essential  mine  operations  are  available  (such  as  ore  mining, waste  removal,  ore
concentration,  transportation,  indirect  project  costs  and  expected  concentrate  selling  prices),  the  method-
ology  will  provide  clear indications  on  the  economic  feasibility  of mining,  including  the  best  available
options  at  any  moment.  Simple  expressions  are  developed  on  the  basis  of a proﬁt  mathematical  function
and  an  application  example  is presented  with  data  available  from  an  existing  iron  ore  deposit.
© 2013 Institute  of  Rock  and  Soil  Mechanics,  Chinese  Academy  of  Sciences.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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a. Basic concepts
Mining is essentially governed by the knowledge obtained from
hree scientiﬁc disciplines: geology, mining engineering and eco-
omics.
Only through an intensive program of research and ﬁeld stud-
es can a successful mining project be implemented. This program
ust be carefully coordinated through a succession of pre-designed
tages. Since the ultimate goal to achieve is obtaining an economic
eneﬁt upon the invested capital, that beneﬁt is justiﬁed due to the
ncertainty and risk that are involved in all those stages.
Initial studies are geological in nature, based on pre-existing
nformation (publications, technical reports, satellite images, etc.)
nd usually complemented with data from exploration activities
n the ground, involving studies of geology, geophysics and geo-
hemistry. Representative sample acquisition follows from ﬁeld
nvestigation including open-pits, shallow trenches, as well as∗ Tel.: +351 961901868.
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(rilling campaigns. These samples are then sent to specialized lab-
ratories for the physico-chemical characterization of minerals,
llowing the creation of a database that, after appropriate com-
utational processing, may  describe the main characteristics of
he deposit. Analyses of technical and economic feasibility of the
roject are thus required, initially with reduced available data and
ubsequently with the greater volumes of information in order to
rovide reliable evaluations of project feasibility.
Questions on the possibility of ensuring future revenues from
he sale of the ﬁnal product to the market, which should be higher
han the investments required in all steps of the previous study,
ust be answered. Moreover, it is expected that these revenues will
over the necessary capital for the mining project with yields that
hould be higher than those of alternative ﬁnancial applications.
In essence, there is always a strong interaction between the four
ariables represented in Fig. 1.
It is obviously necessary to involve components of engineering
nd economics to answer these questions.
Gama (1986) listed the following tasks required to develop this
pproach:
1) Determine the geometric shape of the mineralization, by deﬁn-
ing the spatial orientation of the ore to extract (including the
distribution of its contents along the mineralized volume) as
well as the barren rocky material that must be removed.2) Design the mining method appropriate for extracting the
deposit, including the mechanical equipment to be used in
operations of excavation, loading and transportation of both
ore and waste.
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Rig. 1. The four main variables inﬂuencing the economic feasibility of a mining
roject, according to Gentry and O’Neil (1984).
3) The techniques of washing/processing that will be recom-
mended for the product concentration, in conditions of
supplying the consumer market.
4) The general costs necessary to implement the project, from
investments in exploration and recognition of the deposit, to
feasibility studies and engineering design of the mine, not to
mention the corresponding indirect costs of production (ofﬁces,
business administration, social services, etc.)
5) The funds to be spent as payments of taxes, miscellaneous
fees and compliance with environmental protection rules will
apply.
There are several criteria to quantify all the variables listed
bove, being more used that proposed by Plewman (1970), Barnes
1980), and Hustrulid and Kuchta (2006).
It consists in deﬁning the hourly proﬁt function L ($/h) by the
ollowing relation:
 = PTUV − P(M + ER + B) − F (1)
here P (t/h) is the hourly production of the mine, which is sent
o the mill; T (%) is the average grade of ore that is mined; U (%)
s the metal recovery rate obtained in the concentration plant; V
$/t) is the sales price per ton of metal (or useful substance) out of
he plant; M ($/t) is the cost of mining per ton of excavated ore;
 ($/t) is the cost of removal per ton of waste material; R (t/t) is
he instantaneous waste/ore stripping ratio; B ($/t) is the cost of
rocessing per ton of ore that enters the plant; and F ($/h) is the
ourly incidence of ﬁxed costs, capital, taxes and other indirect
harges.
Fig. 2 schematically represents those variables.
The proﬁt function can also be formulated in unit values (per ton
r cubic meter of ore), by assigning a unit proﬁt function L′ ($/h),
hich is given by
′ = TUV − M − ER − B − F
P
(2)
In all these variables, there are two geological characteristics,
hich have great importance: the stripping ratio R and the grade
f ore T. It is therefore essential to determine what their extreme
alues are which may  lead to a zero proﬁt.
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ig. 2. Flowchart of production in an open-pit mine, with its main attributes.
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cig. 3. Typical variations of exploitable reserves (Q + W)  and stripping ratio (R) as a
unction of the cut-off grade (TCM).
Thus, the minimum allowable cut-off grade is provided by the
xpression:
CM =
M + ER + B + F/P
UV
(3)
eaning the grade content that separates the exploitable material
ore) from the one which is sent to the heap (waste).
In the same way, the maximum allowable stripping ratio is given
y
max = TUV − M − B − F/P
E
(4)
epresenting the largest amount of overburden material that can
e removed in order to extract one ton of ore with an average grade
, above the level of TCM.
In practice, the operating conditions of any mine should be set
way from those where proﬁt can either be zero or negative, so that
CM and Rmax are limit values not to be exceeded, considering that
he other variables are unchanged.
It is worth noting the instant relationships that must exist
etween the quantities of ore, waste rock and the actual cut-off
rade. Fig. 3 shows this typical variation, by means of introduc-
ng the concept of geological reserve Q + W,  which is deﬁned as the
um of the quantities of ore and waste, as well as showing a typical
ariation of the stripping ratio with cut-off grade.
Another relevant concept is the allowable stripping ratio Rad,
hich is deﬁned upon the consideration of a minimum proﬁt (Lmin)
hat must always exist, and it is given by
ad =
TUV − M − B − F/P − Lmin
E
(5)
Therefore, the economic control of mining should be conducted
n a continuous way  and it must be based on the assessment of the
evels of the ore grade T and stripping ratio R, which should satisfy
he following conditions:
 > TCM (6a)
 < Rad < Rmax (6b)
. Correlations between ore body model and proﬁt function
The ability to formulate three-dimensional block models for
ny mineral deposit can be used to evaluate the conditions of its
xploitability.
For this purpose, it is important to correlate mathematically the
elevant variables in the proﬁt function and its dependence on the
ut-off grade TC. In particular, there are three variables that can be
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Table 1
Summary of reserves calculated for the Mua  ore body, for various levels of cut-off grade.
Cut-off grade (% Fe) Ore reserves (t) Waste tonnage (t) Stripping ratio (t/t) Average grade of ore (% Fe) Fe tonnage (t)
30 95,654,250 0 0 39.55 37,831,255
0.172 40.77 33,259,758
0.881 42.52 21,618,550
17.163 46.32 2,439,327
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Table 2
Application example: numerical values of variables involved in the proﬁt function.
Main variables Symbols Adopted
values
Iron ore concentrate selling pricea V 125.00 $/t,
iron ore
concen-
trate with
65% Fe
Recovery rate of the concentration plant U 75%
Mine operation ore exploitation cost M 2.78 $/t
Cost of removing waste from mine to heap E 4.15 $/t
Operational cost for concentration plant B 16.55 $/t
Fixed and indirect project costs F/P 19.86 $/t
o
3
z
a
f
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r
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t
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D
p35  81,579,000 14,075,250 
40  50,843,250 44,811,000 
45  5,266,250 90,388,000 
reated alike: the ore reserve Q, the average content of the ore grade
, and the stripping ratio R, by means of three functions such as:
 = f1(TC) (7a)
 = f2(TC) (7b)
 = f3(TC) (7c)
Substituting these variables in the proﬁt function formula, a
irect relationship between proﬁt and cut-off grade is obtained in
rder to allow a continuous monitoring of the mining operation
conomics.
One can thus determine relevant characteristics of the project,
uch as the optimal cut-off grade (deﬁned as one that maximizes
roﬁt), the adequate stripping ratio and the maximum overall
roﬁt.
The above can be illustrated with simple mathematical func-
ions, of the following type:
 = a0 + a1TC (8a)
 = b0 + b1TC (8b)
 = c0 + c1TC (8c)
here a0, a1, b0, b1, c0, and c1 are constant coefﬁcients.
It is then possible to establish equations linking operational
roﬁt with the cut-off grade and then ﬁnd the cut-off grade value
hat leads to that maximum proﬁt.
In this way, the total proﬁt would be given by the expression:
T = Q
[
UVT −
(
M + ER + B + F
P
)]
= (a0 + a1TC)
{
UV(c0 + c1TC) −
[
M + B + F
P
+ (b0 + b1TC)E
]}
(9)
To determine the maximum of this function, it can be derived
ith respect to TC, and afterwards making it equal to zero in order
o determine the optimal value of cut-off grade TOP, which is given
y
OP =
−VUc0 +
(
M + B + F
P
+ Eb0
)
− a0
a1
(VUc1 − Eb1)
2(VUc1 − Eb1)
(10)This important expression is of great interest, for it involves
he four main variables included in Fig. 1 and may  determine any
nstantaneous balance between them, as well as providing advan-
ageous solutions for mine production planning.
c
l
L
able 3
ata set of Q, R and T as function of cut-off grade, subjected to statistical regression ana
olynomials with a degree higher than 1).
Cut-off grade (Fe) Ore reserve, Q (Mt) 
0.3 95.65 
0.35  81.58 
0.4  50.84 
0.45  5.26 
1st  coefﬁcient a0 = 284.76 
2nd  coefﬁcient a1 = −603.82 
Correlation coef. R2 0.9483 a Another source (Index Mundi) in August 2011 indicates the value (177.66 $/t)
f iron ore concentrate with 62% Fe imported into China (CFR Tianjin Port).
. Application of real geological data
Table 1 contains the main results of the geological characteri-
ation of the iron ore deposit of Cabec¸ o de Mua  (Portugal), before
pplying economic considerations.
In addition, a set of economic parameters were determined upon
easibility studies on the project, which are shown in Table 2.
From these values it follows that the unit proﬁt function is given
y the relation:
U =
0.75 V
0.65
T − 4.15R − 39.19 = 144.23T − 4.15R − 39.19 (11)
esulting in (for the case of R = 0) a minimum cut-off grade of 27.17%
e.
As indicated in Table 1, the average grade of the entire deposit
s 39.55% Fe, a value that is well above the minimum cut-off grade,
hus indicating favorable conditions of exploitability.
Other parameters of interest can be calculated in order to seek
ore proﬁtable opportunities.
In effect, on the basis of data presented in Table 1, it is possible
o quantify the three functions mentioned above (Q, R and T), as
able 3 shows.
It must be emphasized that R may  not assume negative values,
o in a situation where TC < −b0/b1, the values of b0 = b1 = 0 must be
sed.
Substituting the numerical data of Table 3 in the expression for
alculating the optimal cut-off grade, we  obtain TOP = 25.17% Fe,
eading to a maximum total proﬁt of:
T = $1,  856, 359, 695 = 1.85 B (12)
lysis (as all correlation coefﬁcients are greater than 0.88, there is no need to use
Stripping ratio, R (t/t) Average grade of ore, T (Fe)
0 0.3955
0.172 0.4077
0.881 0.4252
– 0.4632
b0 = −2.73 c0 = 0.2575
b1 = 8.81 c1 = 0.4412
0.889 0.9318
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Fig. 4. Sensitivity analysis of effect
Table 4
Values of the optimal cut-off grade and the maximum total proﬁt for a range of iron
ore  concentrate selling prices of ±25% the basic value of 125.00 $/t.
Selling price ($/t
conc. 65% Fe)
Optimum cut-off
grade (% Fe)
Maximum total
proﬁt (B)
y
o
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P93.75 (−25%) 35.36 (+40.48%) 0.359 (−415.30%)
125.00 25.17 1.85
156.25 (+25%) 18.94 (−32.89%) 3.80 (+104.79%)
The method opens the possibility of performing sensitivity anal-
ses on different project variables, for example, by varying the iron
re concentrate selling price, which is the most important exoge-
ous variable.
Assuming values of ±25% on the price shown in Table 2, a set
f results may  be gathered, as listed in Table 4, which provides a
ange of solutions that can contribute to adequate decision-making
n project management. Such results are depicted in Fig. 4.
It may  be observed that the changes in terms of optimal cut-off
rade and the maximum total proﬁt ﬂuctuations are not propor-
ional to the selling price variations, showing in particular a great
ariability for the maximum total proﬁt.
The situation is particularly difﬁcult for the lowest selling
rice, which requires a much greater optimum cut-off grade, thus
ecreasing the volume of exploitable reserves and leading to higher
roduction costs due to the need for larger quantities of waste
emoval.. Conclusions
It was sought to describe the usefulness of an expedite approach
o permanently control surface mining projects, with the aim of5.00  $/t V3=156.25  $/t
s of selling price variations.
etermining the optimum values of the main variables that inﬂu-
nce project proﬁtability.
Given a multitude of situations that might be encountered dur-
ng the life of any mine operation, its managers must possess
ssential tools for rapid decision-making criteria and adjustment
o reality. Such methods do not invalidate the applicability of more
omplex methodologies, such as integrated computational models,
lthough these will lead to many difﬁculties in providing precise
nput data that sometimes are not available in mining companies.
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